Advances in neuroimaging have enabled studies of specific neuroanatomical abnormalities with relevance to schizophrenia. This study quantified structural alterations on brain magnetic resonance (MR) images of patients with schizophrenia. MR brain imaging was done on 88 control and 57 schizophrenic subjects and Dicom images were analyzed with ImageJ software. The brain volume was estimated with the planimetric stereological technique. The volume fraction of brain structures was also estimated. The results showed that, the mean volume of right, left, and total hemispheres in controls were 551, 550, and 1101 cm 3 , respectively. The mean volumes of right, left, and total hemispheres in schizophrenics were 513, 512, and 1026 cm 3 , respectively. The schizophrenics' brains were smaller than the controls (p < 0.05). The mean volume of total white matter of controls (516 cm 3 ) was bigger than the schizophrenics' volume (451 cm 3 ), (p < 0.05). The volume fraction of total white matter was also lower in schizophrenics (p < 0.05). Volume fraction of the lateral ventricles was higher in schizophrenics (p < 0.05). According to the findings, the volumes of schizophrenics' brain were smaller than the controls and the volume fractional changes in schizophrenics showed sex dependent differences. We conclude that stereological analysis of MR brain images is useful for quantifying schizophrenia related structural changes.
INTRODUCTION
Advances in neuroimaging have cleared the way for studies on specific neuroanatomical abnormalities with relevance to schizophrenia. Schizophrenia is a psychotic disorder with delusions, hallucinations, disorganized behavior and speech, and negative symptoms (Spitz and Sadock, 1973) . Despite its unknown etiology, Bleuler, who first described the disease, in a lecture in Berlin on 24 April 1908, believed that a relationship between the structural brain abnormalities and the etiology of schizophrenia exists (Peralta and Cuesta, 2011) .
With the first magnetic resonance imaging (MRI) study in schizophrenia by Smith et al. (1984) , the researchers were offered a unique opportunity to examine special brain areas in live patients. Unlike computed tomography (CT) scan, MRI can discriminate the grey and white matter of brain with much better resolution, so that MRI has become the imaging modality of choice in evaluation of the brain changes during schizophrenia (Shenton et al., 2001) .
When evaluating the volumes of different structures in the brain, it is necessary to determine the total cerebral volume to find out if the change in the volume of those structures is secondary to overall changes in the cerebral volume or has occurred independently. MRI studies have reported changes in the brain volume (Sanfilipo et al., 2000) , and the volume of lateral ventricles (Rajarethinam et al., 2000) . Moreover, some studies suggested that brain morphology could predict the course of the disease and the outcome for neuroleptic drugs used (Ebdrup et al., 2011) .
The majority of structural brain imaging studies in schizophrenia, thus far, have been confined to adult ELFAKI A ET AL: Sizophrenic brain morphology subjects, only a few studies have explored whole-brain changes in early-onset schizophrenia on a morphometric basis (Sowell et al., 2000; Thompson et al., 2001; Vidal et al., 2006) . Despite a prolific literature, the structural cerebral changes revealed in adult-onset schizophrenia have previously shown great inconsistencies, partly due to the heterogeneity of the methods applied and to methodological problems in working with this patient population, such as the appropriate interpretation of the enlargement of ventricles (Kubicki et al., 2005; Walterfang et al., 2006; Kubicki et al., 2007) . In performing the work described here, advantage of recent advances in grey matter stereology and white matter integrity analyses was taken, as well as the lateral ventricular volume in appropriate statistical inferences.
Many biomedical studies have applied unbiased stereological methods in combination with non-invasive MRI (Gong et al., 1998) . For example, the reliability of the Cavalieri estimator and point counting in combination with MRI to estimate the volume of biological structures based on systematic sampling has been investigated in several studies (Gundersen et al., 1999) . However, the accuracy of these estimators has been evaluated by only a few researchers (Doherty et al., 2000; Garcia-Finana et al., 2003) .
The aim of the present study was the stereological quantification of schizophrenia related brain changes on MRI in combination with stereology, to detect structural alterations of the cerebrum in schizophrenics. It also aims to present what Hippocrates already knew in the fourth century B.C. "almost everything that we think, do and feel derive from the brain. Mental illness arises from the brain when it is not healthy". The repeatability and reproducibility of procedure in this study was investigated to ensure consistency of the measurements.
MATERIAL AND METHODS
88 control subjects (51 male, 37 female) and 57 schizophrenic patients (30 male, 27 female) participated in the present study. The total number of volunteers was 145. The details of the mean of ages and body mass index of the participants are describe in the table 1. The study was approved by the Ethical Committee of the Gezira University/ Sudan. Patients or patient's relatives and controls consented to all procedures.
CRITERIA OF SELECTION
Adults Sudanese who are clinically diagnosed as schizophrenic patients. All schizophrenic patients met ICD/10 criteria and were receiving regular antipsychotic medication. The patients were selected from: Professor Abdelaal Alidresi Psychiatric hospital, Tigani Almahi Psychiatric hospital, and private psychiatric clinics in Sudan.
Controls were Sudanese volunteers with no history of psychiatric disorders and drug medication. Control subjects were matched with patients on the basis of gender and age.
Exclusion criteria for both patients and controls include a head trauma, drug abuse and central neurological disorders.
MRI ACQUISITION
Structural MRI was done to both patients and controls in the Department of Radiology in the National Ribat University. The MR scanner used was a SIEMENS 1.5 Tesla Magnetom Avanto Vision System. T1-weighted images were obtained using three-dimensional acquisition by Magnetization Prepared Rapid Acquisition (MP-RA); it produces good grey/white matter contrast in a very short acquisition time. Slice distance was 1.0 mm, the field of view was 250 read, 192 mm phase, TR = 1657 ms, TE = 2.95 ms, bandwidth 180 Hz/pixel, flip angle 15°, ECHO spacing = 7.5 ms, phase resolution = 100%, slice resolution = 50%, and acquisition time = 5 min and 18 sec. The images were made in the coronal section. This T1-weighted sequence is part of the standard clinical protocol for qualitative and quantitative analysis of the whole brain in patients with epilepsy.
METHODS OF MEASUREMENTS
Morphometric measurements were conducted blind to the clinical data using ImageJ software. The ImageJ is produced and distributed by the National Institute of Health (NIH). The software is in the public domain and was downloaded from the Internet (available at the site: http://rsb.info.nih.gov/ij/). It runs on any computer system. Measurements from images can be stored separately. The Dicom brain images were transferred to the ImageJ software and converted into a stack. Systematic random sampling was done since the number of slices in coronal plane was about 192 sections. The sampling fraction was 1/10 and 1/5 for the brain and ventricles, respectively. This means, for example taking the 5 th section as first, then going on to the sections 15, 25, 35 for the brain. Therefore, the section interval for the brain was 1 cm and for the ventricle 0.5 cm. Finally 15 to 17 sections containing brain images and 14 to 20 sections containing ventricles were obtained.
The midline of the brains and possible borders of the hemispheres were drawn on the images to delineate them from the surrounding tissues (Fig. 1A) . The outer boundaries of the hemisphere were manually delineated (Fig. 1B) . A threshold tool was used to delineate the boundaries of the white matter, and then the wand tool was used to delineate the boundaries of the hemispheres (Fig. 1C) . This procedure was also done for the ventricles (Fig. 1D) . The sectional cut surface of the structure of interest was measured by the software automatically. The volume of cerebral hemispheres, ventricles and white matter was estimated by the multiplication of the total sectional surface area with the section interval (i.e., 1 cm and 0.5 cm for the hemisphere and ventricle, respectively) as it shown in the formula
In the planimetry method, the coefficient of error (CE) of estimates was obtained using the following formula: 
Where, i = 1, 2, …, m is the number of sections. A is the measured area of the sections using planimetry and the others are constants. This formula allows the researcher to evaluate the area changes and the measured cut surface areas in the consecutive section series (Mazonakis et al., 2002) .
The calculations and the CE values were done with Microsoft Excel. A spreadsheet was prepared and the surface area data were transferred from ImageJ to Excel where the calculations were done automatically.
V = ∑a×t,
where, V is the volume, ∑a is the total sectional area of the structure and t is the space between the examined sections.
Two weeks later the same procedure was applied and the same observer obtained the volume data. The details of the intra-rater variation are reported in the paper published by Elfaki et al. (2011) . The total brain volume was estimated by summating the volumes of both hemispheres, and grey matter volume was obtained by subtracting the volume of white matter and ventricles from the total hemispheric volume.
Wilcoxon's signed-rank test was applied to compare the results of first and second sessions. Data analysis was performed on a personal computer using the Statistical Package for Social Science (SPSS, Version 15). The data was collected on a master sheet designed for that purpose.
V (tumor, hemisphere) can be estimated. Volume fraction ranges from 0 to 1 and is often expressed as a percentage.
Independent sample T-test was used to compare the measurements of cerebral structures between controls and schizophrenics. The estimation result of the same observer between two sessions, the Wilcoxon Signed Rank Test was applied. 
RESULTS

Evaluation of the volume and volume fraction of the hemispheres
The volumes of right, left hemispheres and total volume of hemispheres showed differences between males and females within the groups and across the groups. The volumes of males were higher than the volumes of females. The volumes of schizophrenic patients were less than that of the controls. (Table 2) The volume and the volume fraction of the right hemisphere were slightly larger than the left hemisphere. However, it did not reach to a statistically significant level. This means that the hemispheres were symmetrical both for the schizophrenic patients and controls (Table 2) .
Evaluation of the volume and volume fraction of the white matter
The volumes of right, left hemispheric white matters and total volume of white matter were larger in controls than the schizophrenic patients both for males and females. In controls, there were no differences for the volumes of white matters between males and females. However, the volumes of white matter in males were less than females in schizophrenic patients (Table  3 ).
The volume fraction of white matter in schizophrenic patients was less for the right, left and total hemispheres indicating that the disease resulted in decrease of white matter. While the volume fractions of white matter of males were slightly lower in controls, but it did not reach to a statistically significant level. The volume fraction of white matter of males was extremely lower than the females in schizophrenic patients indicating that the volume fractional changes were severe in males compared to females in schizophrenics (Table 3) .
Evaluation of the volume and volume fraction of the grey matter
The volumes of right, left hemispheric grey matter and total volume of grey matter did not differ between controls and schizophrenic patients. The volumes of right, left and total grey matters of males were higher in controls and schizophrenic patients. The volumes of grey matter of schizophrenic patients in males were higher than the controls. However, it did not reach to a statistical significant level (Table 4) . The volume fraction of grey matter in schizophrenic patients was higher for the right, left and total hemispheres indicating that the disease resulted in increase of grey matter. While the volume fractions of grey matters of females were slightly lower in controls, it did not reach to a statistically significant level. The volume fraction of grey matter of females did not show difference between the controls and schizophrenic patients (Table 4) .
Evaluation of the volume and volume fraction of the lateral ventricles
The volumes of right, left lateral ventricles and total volume of lateral ventricles were higher in schizophrenic patients than controls. However, it did not reach to a statistically significant level. The volumes of right, left and total volume of lateral ventricles did not differ between males and females in controls. The volumes of the left and total lateral ventricles were higher in males than females in schizophrenic patients (Table 5 ).
The volume fraction of lateral ventricles in schizophrenic patients was higher for the right, left and total hemispheres indicating that the disease resulted in increase of lateral ventricles. The volume fraction of left, right and total lateral ventricles did not show difference between males and females in both controls and schizophrenic patients (Table 5) .
Coefficient of error (CE) estimation results for the volume data
The CE of volume was estimated. The details of the CE values are given in (Table 6 ).
Evaluation of the intra-rater variation for the estimation of volume of cerebral structures
The mean total brain volumes of 30 subjects were 1090 cm 3 and 1087 cm 3 for the first and second sessions, respectively. The mean total white matter volumes were 537 cm 3 for the first and second sessions, respectively. They were 554 cm 3 and 549 cm 3 for the total gray matter volumes in two sessions, respectively. The values for the total ventricular volumes were the same for both sessions, 14.3 cm 3 . Statistical analysis of the data obtained in the first and second sessions did not differ from each other (p ˃ 0.05).
The correlation analysis of the estimates showed that there were high correlations between the first and second sessions. The correlation coefficient (r) for the total brain, total white matter, total grey matter and total ventricles were 0.99. Bland and Altman analysis (Chap 2003 ) was also applied to see the agreement between to session. There was a good agreement between the sessions.
DISCUSSION
The main findings of this study are that the schizophrenic patients had a reduced total cerebral (7.33%), white matter (14%), and grey matter (2.12%) volumes and enlarged lateral ventricular volumes (11.7%). Alterations of the left hemisphere in schizophrenia are found more consistently than that of the right.
The current study supports the finding of Shenton et al. (2001) , The current study supports the finding of Shenton (2001), who reported the left hemisphere to be less dense than the right in twins with schizophrenia, who reported the left hemisphere to be less dense than the right in a twin with schizophrenia, while the reverse was true for their healthy co-twin and control subjects. These results imply that left hemisphere abnormality is environmentally acquired, rather than a genetic trait. The right hemisphere, especially the temporal area, develops earlier than the left for a short period of time (Geschwind and Galaburda, 1985) . Therefore, if there were an insult to the fetal brain in the process of neurodevelopment, the left hemisphere would be more prone to disruption, which could be related to the pathogenesis of schizophrenia.
Although some researchers did not detect any significant difference between the cerebral hemispheric volumes of the schizophrenic patients and the healthy individuals, some others believe that in schizophrenia the cerebrum is smaller than normal. The present findings of reductions converge mostly with Olabi et al. (2011) , they found that patients with schizophrenia showed significantly greater decreases over time than controls in whole-brain volume, whole-brain gray matter, frontal gray and white matter, parietal white matter, and temporal white matter volume, as well as larger increases in lateral ventricular volume.
However, there has been considerable variability in results of schizophrenia MRI studies. A number of factors may contribute to this variability, including differences in analysis methods, variability in the disorder itself, and also due to variations in sampling selection and recruitment biases concerning both patient and control samples.
On the other hand, findings of an informative quantitative postmortem schizophrenia studies support a tendency towards a slightly reduced cortical volume, without any major global deficits in cortical cell number. The field is moving toward more targeted studies of specific cell types in specific cortical areas, including laminar analyses. Although such studies have detected schizophrenia-related cortical changes, more studies are needed before a consensus can be reached (Dorph-Petersen and Lewis, 2011). Image Anal Stereol 2013; 32:145-153 White matter reductions were bilateral and widespread in this study. Some studies concentrate on grey matter findings, 7 studies included in the meta-analysis by Honea et al. (2005) , had looked into only grey matter, whereas 7 studies had explored both tissues, and only one was restricted to white matter. Hence, the literature supporting white matter loss is not yet as strong that documenting grey matter deficit (Wright et al., 2000) . However, the findings of present study imply that there are significant deficits in regional white matter tissue in schizophrenia, which can be interpreted as a loss of organization of the fibers and alteration of the myelin, and thus, white matter should not be overlooked in future morphometric studies.
The regional grey matter reductions observed in females are broadly consistent with those reported in previous structural MRI studies. In keeping with the existing literature it has been shown in this study that patients with schizophrenia have significantly lower total and regional grey matter volume when compared to age and sex matched healthy volunteers (Kasai et al., 2002) . Some studies, however, have failed to reproduce these relationships (Paillere-Martinot et al., 2001) . The findings of male schizophrenics in this study were quite different than those reported in the literature.
When considering differences between the study's findings, it is important to note that there are different measures calculated in different ways, and need not necessarily yield identical results. Thus, a straightforward interpretation of such differences is that they reflect regional heterogeneity in underlying pathological mechanisms. This view is consistent with ongoing debate over the cause of MRI-based grey matter reductions (Weinberger and McClure, 2002; Mathalon et al. 2003) , and evidence that such reductions may not necessarily result from a unitary process (Fornito et al., 2009) . For example, reductions in neuron density have commonly been found in post-mortem studies of medial temporal, medial prefrontal and thalamic regions in schizophrenic patients (Todtenkopf et al., 2005) , whereas increased neuronal density, accompanied by reduced synaptic density, has been a replicated finding in lateral prefrontal areas (Glantz and Lewis, 2001 ).
Other authors (Sowell et al., 2003; Paus, 2005) have drawn attention to the substantial contributions made by non-neuronal tissue to grey matter estimates in T1-weighted imaging, implying that up to 1/3 of the signal may originate from intracortical white matter (Braitenberg, 2001) . These findings imply that grey matter reductions observed with MRI, can arise from changes to several different tissue compartments, including neurons, glia, and their processes. Better understanding of how different histopathological changes affect MRI based grey matter changes is necessary to constrain future interpretation of neuroimaging findings. Therefore, in this study, the grey matter decreases found on MRI could be explained by either cell death and/or atrophy in females.
In schizophrenia patients, lateral ventricle enlargement is associated with smaller cortical and subcortical grey matter volumes (Weinberger and McClure, 2002) . White matter reduction in proximity of the lateral ventricles can also be considered as an index of lateral ventricle enlargement (Price et al., 2006) . In vivo imaging studies and post-mortem investigations have led to the conclusion that the most important morphological abnormality in schizophrenia brains is ventricular enlargement relative to ventricular size in healthy controls. Although larger lateral ventricles are the most common finding in the schizophrenia, it is not specific and can be found in a number of other disorders such as Alzheimer's disease, hydrocephalus, and Huntington's chorea. In general, enlarged lateral ventricles are interesting findings which can indicate paraventricular neuronal tissue loss or embryonic dysgenesis (Shenton et al., 2001 ).
The present results imply that there could be a neuroanatomical basis in the lateral ventricle volume differences between patients with schizophrenia and normal subjects; the lateralized ventricular differences that concern the left hemisphere, as numerous studies have implied that large ventricles in schizophrenia simply reflect diffuse brain atrophy. Rather, focal shrinkage in distinct gray matter regions involved in the pathophysiology of the disorder and adjacent to the ventricles might be a main contributor to this effect. This could also explain the variability in localization and extent of ventricular changes in schizophrenia. (Gaser et al., 2004) In the present study, the patients using typical and atypical antipsychotic medication there was a relative decrease in the volumes of the two hemispheres and grey matter in addition to decrease in the volume fraction of the white matter over the interval compared with controls. At the same time we do not find evidence for ventricular volume changes.
Our findings imply that antipsychotic treatment may contribute to brain tissue volume loss. More recent literature reviews have highlighted the potential role of antipsychotics in influencing brain volume deficits in schizophrenia and its implications (Navari and Dazzan, 2009 ).
The present findings of reductions meet mostly with the findings of Ho et al. (2011) , which noticed although antipsychotics relieve psychosis and its attendant suffering, these drugs may not arrest the pathophysiologic processes underlying schizophrenia and may even aggravate progressive brain tissue volume reductions.
CONCLUSION
Male schizophrenic patients had a higher grey matter volume than the controls. The volume fraction of grey matter in male schizophrenic patients was highest among the four groups in the study. While the grey matter volume fraction is symmetrical for controls and schizophrenic females, it was asymmetrical for the male schizophrenics. The left grey matter volume fraction was higher than the right one. Finally, in male patients, the lateral ventricles were asymmetrical and the volume fraction of left one was higher than the right lateral ventricles.
